The process of toilet-flushing can generate flushing-associated water droplets which can potentially expose humans to pathogen-laden aerosols. Very little is known about such aerosol dissemination or the means for minimizing exposure to these aerosols. This study has evaluated the efficacy of ultraviolet waveband C (UV-C) for disinfection of flushing-generated pathogen-laden aerosols through tests with localized disinfection systems for airborne and surface contaminations. Three types of bacteria were chosen for investigation: Staphylococcus epidermidis, Escherichia coli, and Salmonella typhimurium. Tests were conducted with UV-C tubes of 5 W and 10 W. High levels of disinfection efficacies were observed, ranging from 76% to 97% for bacteria-laden aerosols at sources of emission, and efficiencies of 53% to 79% for surface samples in localized systems. The results from the localized systems were further compared with those obtained with an upper-room ultraviolet germicidal irradiation (UVGI) system. As it is important to note, the UV-C doses and ozone emissions for the localized systems were found well below the limits recommended in current guidelines. This research has shown that the disinfection of flushing-generated pathogen-laden aerosols in proximity to the source of emission was more effective than at the more distant sites where aerosols may be dispersed to the environment.
Introduction
Toilets, also known as washrooms, cater to one of the most basic human physiological needs. On average, humans visit the toilets five to six times a day [1] . Toilets are hot-spots for micro-organisms and the environmental characteristics of toilets are favorable for the formation and growth of biofilms, because of the mesophilic nature of these micro-organisms. Toilet hygiene, particularly in public toilets and toilets in developing countries, is therefore, a significant public health concern.
Numerous bacteria and viral causative agents of gastrointestinal infection can be found in human feces. Human pathogens such as Escherichia coli (E.coli), Enterococcus faecalis, and Serratia marcescens (S. marcescens) have been found shed in feces. Previous studies have shown that extremely high bacteria concentrations per gram of stool (of about 10 5 to 10 9 for Shigella and 10 4 to 10 8 for Salmonella) are contained in the feces of some infected persons, and concentrations of 10 8 to 10 9 have been reported for norovirus [2] . In addition, gastrointestinal pathogens, the severe acute respiratory syndrome coronavirus (SARS-CoV), deadly avian influenza viruses and the Ebola virus have been found in fecal materials [3] [4] [5] .
A single toilet flushing generates between hundreds of thousands and millions of aerosols, due to the force of water running down the surfaces of the bowl, and the turbulence caused by water mixing in the bowl [6, 7] . When pathogenic organisms are shed along with fecal materials into the toilet bowl, numerous pathogen-laden droplets of aerosol are produced [8] [9] [10] .
A few studies have measured the concentrations of airborne organisms from toilets seeded with specific pathogens. One experiment involved seeding a residential toilet with S. marcescens to measure airborne concentrations after flushing [9] , and found that the abundance of S. marcescens in the air increased sharply, from zero CFU/m 3 (colony-forming units per cubic meter) to 1370 CFU/m 3 after the first flushing. A similar study was recently conducted in a hospital to determine the concentration of Clostridium difficile following flushing [11] . The present authors investigated the emission strength of three pathogens following toilet flushing under flushometer and cistern tank scenarios [12] . Airborne emission was evidenced, and the emission for the first flush was found to be strongly correlated with bacteria sizes. This was an important finding, which demonstrated bacteria aerosolization, environmental contamination, and potential biological exposure from toilet flushing. With the extremely high load of viable pathogens found in feces, toilet flushing can be a potential source of infection [6, 8] .
It is widely understood that there are two routes of exposure or transmission of infectious airborne pathogens due to toilet flushing, namely primary (also called airborne) and secondary (surface or fomite) contaminations [9] [10] [11] 13] . Primary pathway infection occurs by direct inhalation of pathogenic airborne droplets [14] [15] [16] . It is not unreasonable to suggest that enteric viruses in the air present a potential risk of infection via inhalation and swallowing [9] .
Also, it is inevitable that a toilet user will touch various surfaces inside the cubicle. Secondary exposure is no doubt an additional risk, as toilet users may become infected whenever they touch surfaces already contaminated by rapidly falling fecal microbes. This source of contamination is also a major public health concern, as hand contact with contaminated surfaces can result in self-inoculation through touching the eyes, nose, or mouth [8] . Surface contamination studies have identified significant microbial contamination of washroom surfaces, including doors, toilet seats, sinks, and floors [9, 13, 17] . Apart from ventilation system design, virtually no engineering strategy has been developed and implemented on a wide scale to control the risk of infection from toilets. Various commercial products have been developed, such as toilet seat papers, toilet seat disinfectant gels/ foams, and automatic toilet bowl cleaners or tablets [18] . These products may be effective for controlling the "existing" pathogens on the bowl surfaces or toilet seats. However, none of these measures can completely prevent transmission through the aerosolization of fecal matter during toilet flushing. Therefore, in-situ disinfection is needed to reduce the concentrations of airborne pathogens from toilets both in the air and on surfaces.
UV-C radiation is considered a cost-effective, high-efficiency means of disinfection. UV-C radiation has been proven to be an effective tool for decontaminating various surfaces [19] . The Centers for Disease Control and Prevention (CDC) has recommended that upper-room ultraviolet germicidal irradiation (UR-UVGI) should be used as a supplement for tuberculosis infection control in health-care settings [20] . Installations for UR-UVGI have been designed to inactivate airborne pathogens, and this approach has the advantages of low initial and running costs, low maintenance requirements, and ease of relocation.
We propose an alternative method of disinfection, using a localized, targeted approach. To test this approach, a UV lamp was located near the vicinity of the contaminated sources to inactivate the flushinggenerated contaminants. According to the fundamental principle of pollution control, it is always best to control at the source, rather than seeking to control after dispersion. This concept has been widely applied in various industries such as local exhaust ventilation systems. For toilet disinfection using a localized UV-C installation, the mechanism should be characterized by small size, high efficiency, and minimal risk to users from exposure to irradiation. Our experiment is the first pilot study to test the use of this configuration for the inactivation of flushing-generated contaminants. The efficacy of disinfection is measured for both airborne and surface contaminations, and the results are compared with those for UR-UVGI.
Study design
A custom-built, self-contained toilet system was designed and fabricated [12] . The experiments were conducted in a chamber [2.25 m × 2.3 m × 2.3 m (L × W × H)] in which the environmental conditions were controlled precisely. As a mechanical ventilation system could serve as another "removal" mechanism that would have impacted the interpretation of the results, no mechanical ventilation was operated during our tests. This is because the concern of this study is to investigate the performance of only the UVC devices. The temperature and RH were held constant, and effectively maintained at 24°C and 55%, respectively. The leakage of the chamber was determined to be less than 0.5 air change per hour (ACH).
Two types of UV-C disinfection systems were used: an upper room, and a localized system. An UR-UVGI fixture with a germicidal lamp (TB-12-W, American Ultraviolet) was mounted at the center of the side wall near the outlet, at a height of 2.05 m. This fixture held a 16 W UV-C lamp. Such a system has been used in other studies [21, 22] . For the localized configuration, lamps with two power levels were used: 5 W and 10 W (Philips, PL-S, TUV), each of them with a ballast housed in a water-resistant clear Perspex box.
Single-stage bioaerosol impactors (Thermo Scientific) were installed to collect airborne samples at heights of 130 cm, 90 cm, and 40 cm for the high (ASH), middle (ASM), and low (ASL) level air sample collections, respectively ( Fig. 1) . The pumps flow rates were calibrated at 28.3 liters per minute (LPM).
Methodology

Preliminary investigation (surface contaminants)
Preliminary experiments were undertaken to determine how far the droplets could travel from the toilet. Up to thirteen 90 mm nutrient agar plates were placed around the toilet seat ( Fig. 2) around the bowl surface. The toilet was seeded with E. coli, and no UV-C device was used. The results showed that the bacteria were settled mainly at the rim of the toilet, that is, at S1, S2, S3, and S4. Colony-forming unit (CFU) counts for the other locations were less than 10. Thus, for our surface disinfection experiments, only those agar plates positioned at S1, S2, S3, and S4 were studied by the settle plate method.
Selection of micro-organisms
The selection criteria for the micro-organisms were based on biosafety issues and pathogenic properties. Three species of bacteria having biosafety level one were selected as surrogates of pathogenic species commonly found in toilet microenvironments. The first species was Staphylococcus epidermidis (S. epidermidis) (ATCC 12228), which was gram-positive cocci with spherical shape with a diameter of around 0.96 μm and arranged in clusters. The other two species were E. coli [23] . Similarly, the diameter of Salmonella typhimurium is around 1.5 μm, with a length of 2-5 μm [24] . Bacteria suspension was transferred into the toilet bowl for each experiment ( Table 1 ). The volume of S. epidermidis (20 ml) used in our experiment was lesser than E. coli and S. typhimurium (250 ml each) because it has the least size, thus, using more volume would generate too many bacteria counts, which made it very difficult to estimate the exact CFU.
Configurations of the UV-C systems
Two types of UV-C systems were tested: upper-room and localized devices. For the localized system, two UV-C lamps with power levels of 5 W and 10 W were tested, each with a ballast housed in a water-resistant box made of clear cast acrylic sheet. Thus, altogether there were three configurations (Configurations 1, 2, and 3), the details of which can be found in Table 2 . An UR-UVGI fixture was mounted at the center of the side wall near the outlet, such that the lower part is at a height of 2.05 m above the floor level, which is approximately the height (2.10 m) reported in Xu et al. [25] and slightly above the height (1.96 m) considered in Yang et al. [22] .
The localized device was installed below the rim of the toilet bowl ( Fig. 3 ). Then three conditions of experimental measurements were performed. For the first condition, the three types of bacteria were used to test the disinfection performance of the 5 W localized UV-C lamp. For the second condition, the 10 W localized UV-C system was used. For the final condition, only E. coli was selected for testing the disinfection efficacy of UR-UVGI. For all the three conditions, both air and surface samples were taken for analysis.
Experimental procedure
Prior to soiling the toilets with bacteria, the toilet bowl and the cistern were thoroughly cleaned with 100 ml of commercially available Clorox (chlorine) bleach, and then flushed three times, to eliminate traces of the cleaning compound and any micro-organisms present in flushing water. A solution of 12 ml of sodium thiosulphate was then added to inactivate any bleach chemicals present in the water. Finally, water was again used to wash the bowl and cistern in the same manner as previously described. The source of water during the experiment was tap water supplied by the Water Supplies Department of Hong Kong. This cleaning process was repeated before each experiment. After thoroughly cleaning the system, the tank was filled with water. The localized UV-C device was installed and switched on to allow for a 6minute warm-up period. During the warm-up period, no bacteria were inoculated into the toilet to avoid killing the bacteria before flushing. The air sampling apparatuses were mounted in predetermined positions for sample collection.
When the bacteria were poured into the toilet bowl, lids of the agar plates for surface sample collection were opened, and the door of the test chamber was completely closed.
Air samples were collected above the center of the toilet bowl in three designated heights, labeled ASL, ASM, and ASH for low-level air samples, middle-level air samples, and high-level air samples, respectively. Thus, to sample the three positions, sampling tubes were used. Each impactor was connected to a cast acrylic sheet squared box (151 mm × 151 mm × 151 mm) at one end, and a copper tube of 12 mm diameter and 1 m in length was connected to another end of the box. The air samples were transferred to the agar plates through the copper tubes and the cast acrylic sheet square box. The schematic of the copper tube-acrylic box sampling manifold is shown in Fig. 4 . The essence of the box is to contain air samples being sucked through the copper tube and aid the collection of same by the agar plate. Similarly, four agar plates with lids (covers) were located at points S1, S2, S3, and S4 on the toilet seat for surface sampling [see Supportive Information] . For safety reasons, no one was allowed inside the chamber during the experiments. To activate the flushing, a long string was attached to the flush lever, to allow the toilet to be flushed from outside the test room. The toilet was flushed to generate airborne micro-organism emission, and the vacuum pump was simultaneously turned on for air sample collection. Air and surface samples were collected for 1 min and 3 min by settling plate methods on nutrient agars since droplets require more time than the droplet nuclei to settle on surfaces. All seven samples (3 air and four surface samples) were collected on a series of nutrient agar plates, which were then incubated at 37°C for 24 h. The same procedure was implemented for the UR-UVGI. A control measurement (UV-C OFF) was also performed. All the experiments were performed at least in triplicate.
Measurement of UV-C intensity, dose, and ozone emission
All types of mercury lamp require warm-up time to deliver full irradiance. Thus, it was important to determine the warm-up time and the corresponding intensities (μW/cm 2 ) for the 5 W and 10 W tubes, to compare if correlations existed between the intensity and the disinfection efficacy. Nonetheless, it was not necessary to measure the absolute intensity. In this study, we measured the intensity of the UV-C lamps by using a radiometer (IL1400 A, International Light Technologies) equipped with a suitable detector, with a sensitivity peak at 254 nm wavelength. This sensor was placed 30 cm horizontally distant from the radiometer. Upon switching on the UV-C lamp, the intensity was recorded at every one-minute interval for a period of 11 min.
The UV-C dose received by toilet users is an important health concern. During the process of a toilet flushing, the relative orientation and distance between the user's eye level and the toilet bowl vary with the user's posture. In this study, the UV-C dosage was also measured by using the same radiometer, which had a built-in function for integrating the intensities at any period and giving the resulting doses in mJ/cm 2 . A light sensor was held at eye level by the left hand of a volunteer wearing UV-C protective glasses, while the volunteer's right hand pressed the flushing handle [see Supplementary Information]. This important parameter facilitated direct comparison, with reference to the guidelines of the American Conference of Governmental Industrial Hygienists (ACGIH) [26] . Likewise, the UV-C intensities of the UR-UVGI installation (at heights of 2.05 m) were measured. Moreover, as ozone is a byproduct of UV-C emission and a harmful pollutant, emission of this gas in a confined environment such as a toilet becomes a critical health concern [27]. We, therefore, measured ozone concentrations with an ozone monitor (Model 205, 2B Technologies).
Preparation of tested bacteria
The three types of selected bacteria were separately inoculated onto the nutrient agar (NA, BD) plates from frozen stocks. A colony of each type of bacteria was inoculated into the desired volume of nutrient broth (BD), and incubated in an orbital shaker at 37°C for 24 h to reach a stationary phase. The input for each type of bacteria suspension was 10 9 to 10 10 cells.
Data analysis
Disinfection efficacy
We calculated the average disinfection efficacy of the total bacteria concentrations measured at three height levels (ASL, ASM, and ASH) for the air samples, and at four points (S1, S2, S3, and S4) for the surface samples, by applying Eqs. (1) and (2), respectively.
The averaged airborne sample disinfection efficacy of the UV-C system for the three heights, (η air ) was defined as: 
where i represents three different sampling heights, and CFU on and CFU off are the airborne CFU counts under the UV-C on and off conditions, respectively. The averaged surface sample disinfection efficacy (η sur ) of the UV-C system for the four points was determined by 
where i represents the four different sampling points; and SCFU on and SCFU off are the surface CFU counts under the UV-C on and off conditions, respectively.
Results
UV intensity
The irradiance of the UV-C lamps is depicted in Fig. 5 which shows that the irradiance approached steady output after 5 min. Also, our measurements showed that the intensity of the 10 W lamp was approximately twice as high as the 5 W lamp. Thus, we were interested in determining whether there was any direct correlation between lamp power levels and rates of disinfection.
Ozone emissions
The background ozone concentration in the experimental chamber without the devices operating was found to be 1.5 ppb. However, the maximum ozone concentrations generated by our devices were 4.7 ppb-6.1 ppb, and 4.1 ppb-6.2 ppb for the 5 W and 10 W localized UV-C lamps, respectively. For the UR-UVGI, the ozone concentrations were between 4.8 ppb and 6.2 ppb. (Fig. 6 ). These levels of ozone emission were below the permissible exposure limit of 100 μg/m 3 (50 ppb), as set by the World Health Organization [22] . The ozone emission rates of the localized UV-C lamps were found to be 4.63 mg/hr and 3.37 mg/hr for the 5 W and 10 W, respectively. The UVGI lamp had emission rate of 4.78 mg/hr. Some recent measurements showed that for 6 different air cleaners, the ozone emission rates of air cleaners ranged from 4.88 to 24.5 mg/h [28] . Table 3 illustrates that the emission rates of localized UV-C lamps used in this study compare favorably with other electronic devices.
UV dose measurement
For the localized UV-C installation, when the flushing was done at time = 5 min, the average doses of exposure at heights 140 cm and 70 cm were 0.03 mJ/cm 2 and 0.04 mJ/cm 2 , respectively. For UR-UVGI, the intensity was below the detection limit of the radiometer [21] .The radiometer we used was calibrated to measure ultraviolet C (UV-C) at 254 nm wavelength. It was equipped with a model SEL240 detector having a dynamic range of 1.49 × 10 −7 to 1.49 × 10 -3 effective W/ cm². According to the guidelines of the ACGIH [26] the exposure limit is 6 mJ/cm 2 per day.
Disinfection of airborne and surface pathogens by localized UV systems
The disinfection efficacy of airborne and surface samples under 5 W and 10 W localized UV systems for the three selected bacteria were shown in Fig. 7 . The localized UV-C systems were shown to reduce the selected bacteria concentrations significantly following toilet flushes. Under both the 5 W and 10 W UV lamp exposure treatments, airborne disinfection of E. coli achieved 97.75 ± 1.62% and 97.32 ± 1.96%. Comparable rates of disinfection had been shown for S. epidermidis, about76.31 ± 1.92% and 92.13 ± 3.80%, and S. typhimurium, about 82.60 ± 7.74% and 93.23 ± 2.12% for the 5 W and 10 W treatments, respectively.
It was interesting to compare the disinfection efficacy for the 5 W and 10 W UV-C lamps, as the UV radiation level of the 10 W lamp was almost twice that of the 5 W lamp. The statistical significance was calculated using the Student t-test. It was calculated using 3 replicates each for the low, medium and high sampling levels. The results with S. epidermidis showed significant differences of disinfection efficacy (p < 0.05) between 5W and 10W UV lamp exposures, but E. coli and S. typhimurium showed no significant differences.
For surface disinfection, the highest disinfection efficacy, of approximately 84.91 ± 3.6%, was attained with S. epidermidis, with no significant difference between 5 W and 10 W lamps. A significant difference in disinfection efficacy was observed between 5 W and 10 W UV lamps for S. typhimurium with the efficacy of 53.31 ± 9.39% and 78.40 ± 10.98% (p < 0.05). For E. coli, no significant difference was found, both 5 W and 10 W lamps provided 61.10 ± 5.6% and 68.31 ± 12.28 disinfection efficacies, respectively.
When airborne bacteria are exposed to the UV-C irradiation, the survival fraction of airborne bacteria is an exponential function of the irradiation intensity, the exposure time and the susceptibility of airborne bacteria, Z value [31] . The Z-value is the value that indicates the degree of sensitivity of microorganisms to the bactericidal effects of UV-C. The higher the z-value, the more susceptible is the microorganism to killing by the UV-C irradiation [32] . It is very difficult to obtain published Z-values for all the three bacteria tested in this study. The only obtainable previously published Z values of these bacteria showed that E. coli (Z = 0.10575 m 2 /J and Z = 0.50628 m 2 /J for surface and airborne disinfections, respectively) are more susceptible to UV-C than S. Epidermidis (0.12670 m 2 /J for airborne disinfection) [32] . Additionally, the Z values also revealed that the susceptibility of E. coli to UV-C is also higher in airborne disinfection than surface disinfection. This explains the reason why our results showed that localized UV lamps achieved a much higher disinfection efficacy for E. coli (97.75 ± 1.62%) and S. epidermidis (76.31 ± 1.92%) in airborne disinfection while the opposite trend was observed from the surface samples (i.e. more S. epidermidis (84.91 ± 3.6%) is being removed, but for E. coli, only about 61.10 ± 5.6% removal for 5 W lamp system). To conclude, localized devices had a very high disinfection efficacy for both airborne microorganisms and surface contaminants.
Comparison of a localized UV system and UR-UVGI
The differing efficacies of surface and airborne disinfection between the localized UV system and the UR-UVGI were further evaluated by tests using E. coli (Fig. 8) . The disinfection efficacy of UV lamps and UVGI were significantly different in both the airborne (p < 0.01) and surface (p < 0.01) experiments. As the UR-UVGI irradiation level measured at the toilet seat level was virtually zero, it was not surprising to observe that the disinfection efficacy was very low. For the airborne bacteria test, the efficacy was 50.58 ± 6.22%, and the localized devices showed 97.75 ± 1.62% and 97.32 ± 1.96% efficacies for both 5 W and 10 W lamps, respectively. The up-rising plume generated by flushing brought the micro-organisms to a higher level, up to where the UR-UVGI irradiation was strong.
Discussion
We genuinely anticipated that the UR-UVGI would give very good disinfection results. In fact, very high effectiveness of UR-UVGI has been reported in previous applications, such as TB isolation rooms or homeless shelters [33, 34] . Three inter-related issues; emission characteristic, air mixing, and dose, attributed to the results. The emission characteristics of previous applications are very different from the toilet flushing conditions examined in this study. Most previous work on applying UVGI is for the well-mixed environment [25, 35, 36] . It should also be noted, however, that toilet emission is episodic with "initial" and "strong" emission stages of a toilet flushing. It has been found that improper air mixing can decrease the efficiency of UR-UVGI by around 80% [37] . Finally the difference in performance can also be attributed to the UV-C doses received by the micro-organisms. If the ACH is 8 h −1 , the residence time of micro-organisms is 450 s, but for an episodic event such as flushing a toilet, the UV-C dose received by the micro-organisms is substantially shorter than 450 s. As the ventilation exhaust grill is located right above the toilet bowl, it is anticipated that the residence time would be approximately 10 s. The current and existing studies are indicators that synergistic effect of UR-UVGI, localized UV lamps and ventilation would produce higher disinfection efficiency than individual disinfection mechanism.
To determine the UV-C exposure to users, we estimated the UV-C dose for a single flushing process. For an individual who visits toilets eight times in an 8-hour period and is exposed to the localized UV-C installation, the UV doses received when the eye level is at heights 140 cm and 70 cm from ground level would be 0.24 mJ/cm 2 and 0.32 mJ/cm 2 , respectively. The average dose would only be 4.6% of the guideline-recommended dose limit (6 mJ/cm 2 ). Thus, the doses from the localized UV-C source did not appear to pose any health threat to the users' eyes or skin under normal circumstances. However, for persons such as janitors, who may need to repeatedly bend down to clean toilet bowls, the UV-C dose exposure is expected to be higher. To avoid over-exposure, the UV-C sources can be turned off during the cleaning period. Similarly, the ozone emissions from both localized UV-C sources were three to eight times less than the acceptable limit. The concerns over adverse health implications from exposure to localized UV-C have been addressed. The extremely meager performance of the UR-UVGI at the surface could have been due to the low UV-C intensities observed, which were close to zero at the level of the toilet bowl, irrespective of the types of bacteria being tested. However, lowering the height of installation for the UR-UVGI was not feasible, as the dose of the UV-C would be excessive. Nonetheless, 50% disinfection was found for airborne samples. This result was attributed to the upward motion generated by flushing in the absence of mechanical ventilation. Previous studies have found that bacteria-laden aerosols were detected at heights of 20 cm and 25 cm upon flushing [8, 9] . If mechanical ventilation is operated, higher rates of disinfection can be expected.
Flushing-induced aerosols are mainly super micron in size, so gravitational settling remains the main mechanism of deposition of airborne bacteria to bathroom surfaces. According to previous work by the author [12] , we can assume flushing-generated droplet sizes to be approximately within 1 μm and 10 μm. For a standard density spherical droplet, the settling velocities are 3.5 × 10 −5 m/s and 3.05 × 10 -3 m/s for 1 μm and 10 μm, respectively. Assume the settling distance is 10 cm to contaminate a surface, it would take 2800s to 32 s. In practice, for mechanically ventilated toilets, the air exchange rate can be as high as 18 h -1 which leads the residence time to be approximately 200 s. If toilets have no mechanical ventilation, the residence time can be very long, say 30 min. To sum up, it implies that particle sizes at the upper end of the emission range could contaminate surfaces more readily than those smaller particles. However, the thermal plume generated by the toilet user as a result of the convective heat loss from the body, would enhance the air distribution in the toilet stall and further complicate the airflow.
Airflow will also affect exposure time. At the perspective of the current study, if the mechanical ventilation is so high to affect upward airflow, the dose received by the flushed-generated pathogens would be reduced and the pathogens would spread through the toilet without being disinfected. Surface contamination may also be affected. The mechanism of UV-C pathogen inactivation is DNA damage, which results from electron movements. The pyrimidines and purine nucleic acid bases, which are the basic building blocks of DNA, absorb the photons directly from the photoproducts caused by UV-C irradiation [38] [39] [40] . Studies on photoreactivation of various microorganisms have also established that bacteria had developed DNA repair mechanism in an attempt to restore the structure and function of DNA [41, 42] . Once the maximal capacity for DNA repair is reached, additional UV-C exposure is able to kill the micro-organisms, causing an exponential drop in bacteria counts, as depicted by an exponential order of death seen in the survival curves of micro-organisms subjected to UV-C. This pattern might also explain our findings that there were no significant differences in disinfection efficacy between 5 W and 10 W lamps in most of the cases. This finding might also show that a UV-C lamp of less than 5 W is already capable of surpassing the micro-organisms' maximal DNA repair capability, and that additional benefits of stepping up the UV-C to a 10 W rating would be insignificant. Previous studies have also observed that increasing the fluence rate above an effective value did not lead to further improvements in disinfection [31] .
It has been shown that UV sensitivity differs among different groups of micro-organisms, and that gram-negative bacteria are generally more sensitive than gram-positive bacteria, yeast, bacteria spores, molds, or viruses [40, 41] . Similarly, our study showed that localized UV-C lamps were more effective for eliminating E. colifrom airborne bioaerosols than for eliminating S. Epidermidis or S. typhimurium. Salmonella species were found more resistant to UV-C than E. coli [40] .
It should also be noted that the lamp power of UR-UVGI was twice that of the localized devices. Nevertheless, the localized devices proved to be more effective. This outcome also confirmed that source control was more efficient than increasing the power rating. The widespread use of localized UVGI systems would minimize exposure to the pathogens spread to the air during toilet-flushing. Not only would such systems improve the air quality of washrooms, but also no secondary harmful products would be generated as in spray disinfection products. Another feature is the compact size. With the advance of electronic technology, the ballast and the UV-C tube can be made further smaller. Further investigations are recommended to test the effectiveness of such disinfection systems on other types of bacteria, and further improvements may result from more systematic designs and tests of UV-C source systems.
Conclusions
This study has evaluated the efficacy of UR-UVGI and localized UV-C devices for the disinfection of flushing-generated pathogens. The physical sizes of localized UV-C devices are smaller, and their levels of electrical power consumption used for disinfection are lower than those of UR-UVGI systems. Comparisons between these two forms of engineering controls showed significant differences in performance. The localized UV-C systems performed two times better than the UR-UVGI for disinfecting airborne samples, and five times better for disinfecting surface samples. The results of this study suggest that maximal disinfection of air in the washroom micro-environment was attained at source control before dispersal than the use of upper-room irradiation for dispersed emitted bacteria throughout the washroom. Inferring from the observed results, we conclude that the use of localized UV-C lamps is a feasible alternative approach for minimizing human exposure to pathogen emissions from toilet plumes.
